In this paper, we perform a combined study of 2S and 1D open-charm mesons with natural spin-parity. Our results indicate that D *
I. INTRODUCTION
Among these hadronic states, the heavy-light mesons, which contain valence heavy quark Q and light antiquarkq, are the special system due to the existence of chiral symmetry and heavy quark dynamics. The investigation of heavylight mesons can improve our understanding of nonperturbative quantum chromodynamics (QCD).
With experimental progress, more and more heavy-light mesons were reported (see Refs. [1-31]), which can be grouped as the candidates of radial and orbital excitations of heavy-light meson family. In the narrow mass range 2.6 − 2.9 GeV, there exists an accumulation of a large number of observed charmed and charmed-strange mesons. The information of these states is collected into Table I for the convenience of readers. Before the present paper, the strong decay behaviors of these states have been extensively studied in the context of various models, e.g., the pseudoscalar emission decay model [32] , the 3 P 0 decay model [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , the chiral quark model [48] [49] [50] , the effective Lagrangian approach [51] [52] [53] [54] [55] , and the EHQ' decay formula [56] . These theoretical works gave a big push to the development of the research of heavylight meson.
Several experimental measurements of their spin-parity quantum number J P were performed recently by the LHCb collaboration, i. 2. The present study is involved in an intriguing issue of 2S -1D mixing. Rosner discussed the 2S -1D mixing effect for two charmonia ψ(3770) and ψ(3686) [57] .
For these involved open-charmed mesons in this paper, there should also exist 2S -1D mixing when studying D * 1 (2600)/D * 1 (2760) and D * s1 (2700)/D * s1 (2860). 3. Besides giving the discussion of 2S -1D mixing effect existing in these 2S and 1D open-charm mesons, the main task of this paper is to establish 2S and 1D opencharm mesons with natural spin-parity, which is also helpful to test whether there exists the spin-orbit inversion in the heavy-light mesons [58, 59] or not [60] . Before giving a definite answer, it is obvious that establishing the 2S and 1D open-charm mesons with natural spin-parity is a key step.
Just considering the present update experimental status of 2S and 1D open-charm mesons with natural spin-parity and the importance of studying them just mentioned above, in this paper, we are dedicated to this interested research topic by considering D * , where we mainly focus on their two-body Okubo-Zweig-Iizuka allowed strong decay behaviors, which can provide valuable information of their features including partial and total decay widths. For calculating these decays, the Eichten-Hill-Quigg (EHQ) decay formula [61] is adopted in this paper, which is an effective approach to deal with the strong decay calculation involved in the open-charm meson [61] .
The manuscript is arranged as follows. In Sec. II, we first give a brief introduction to the EHQ' formula. Then, we give the further phenomenological analysis combined with the present experimental data. In Sec. III, the paper ends with the discussion and conclusion.
II. THE DECAY BEHAVIORS OF THE DISCUSSED 2S
AND 1D OPEN-CHARM MESONS WITH NATURAL SPIN-PARITY
A. EHQ' decay formula
As an approximate symmetry existing in the heavy-light meson system, the heavy quark symmetry (HQS) plays an important role in the dynamics of the heavy-light meson. In the HQS limit (m Q → ∞), only the light component of a heavylight meson takes an active part in the strong decays [62] . Under this consideration, two heavy-light mesons, with the same light degrees of freedom j q , but different total angular momentum J, shall have the similar decay properties. In general, these two states can be grouped in one doublet. This picture is supported by the available properties of P-wave heavy-light mesons [63] .
Based on this picture mentioned above, a decay formula 
which depicts the transition between two heavy-light mesons was proposed by Eichten, Hill, and Quigg in Ref. [61] , which is also called as the EHQ' formula, i.e.,
where ξ is the flavor factor which can be found in Ref. [64] . q = | q| denotes the three-momentum of the final state in the rest frame of the initial state. H and H ′ represent the initial and final heavy-light mesons, respectively. h denotes the light flavor meson. In addition, C
is a normalized coefficient, which satisfies the following relation:
where j h ≡ s h + ℓ. The symbols s h and ℓ represent the spin of the light meson h and the orbital angular momentum relative to H ′ , respectively. The transition factors M j q , j ′ q j h ,ℓ (p/β) which involve the concrete dynamics can be calculated by phenomenological models, like the relativistic chiral quark model [65] and the 3 P 0 model [56, 66] . Equation (2) reflects the requirement of HQS. Until now, the EHQ' formula has been applied to study open-charm mesons [56, 64, 66] and excited heavy baryons [67] .
For the 2S and 1D open-charm mesons with natural spinparity, the relevant values of C
and the expressions of the corresponding transition factors are listed in Tables II and  III , respectively. These transition factors are determined by the 3 P 0 model. Thus, two parameters β and γ are introduced in our calculation. Here, β is the scale of harmonic oscillator wave function depicting the mesons in the discussed transitions.
2 Following Ref. [56] , we take β = 0.38 GeV. The parameter γ denotes the strength of quark pair creation from vacuum. In this paper, we assume that the charmed and charmedstrange mesons are governed by a same γ. As shown in our previous paper [64] , all P-wave heavy-light mesons were explained well in the framework of the EHQ' formula, where γ 
is directly fixed by the width of D * 2 (2460) 0 , i.e., D * 2 (2460) 0 is a 1 3 P 2 D state [63] . Its mass and width are 2460.47 ± 0.14 MeV and 47.7 ± 0.7 MeV, respectively [69] . Via Eq. (3), we determine γ = 0.125. In the following, we will apply the EHQ' formula with these determined parameters to calculate the decay behaviors of 2S and 1D open-charm mesons with natural spin-parity, which is the main task of present paper. Finally, it needs to be emphasized that we adopt experimental average values for the masses of these discussed 2S and 1D open-charm mesons with natural spin-parity. For other opencharm mesons and light flavor mesons involved in calculation, the corresponding masses are taken from Particle Data Group (PDG) [63] . Table IV ). We also predict the branching ratio
which is close to the upper limit of the BABAR result (0. Table V) . Furthermore, the predicted branching ratio is
which is close to the upper limit of the BABAR result (0.66 − 1.16) [28] . The above facts indicate that D * s1 (2700) has a dominant 2 3 S 1 component.
As a 1 3 D 1 state, the calculated total decay width of D * 1 (2760) is around 300 MeV. Before this paper, the studies in Refs. [44, 45, 47, 48] also suggested that the decay width of the 1 3 D 1 D state should be large. We list the theoretical and experimental results in Fig. 2 for the comparison. Among these allowed decay modes, the channels of Dπ, D * π and D 1 (2420)π are important for D * 1 (2760) due to large partial widths, e.g., the channel of D 1 (2420)π with branching ratio 65.9% is its dominant decay mode. The same conclusion has been obtained in Refs. [44, 45, 47, 48] below ratio,
is predicted for D * 1 (2760), which is consistent with the results in Refs. [44, 45, 47, 48 ] (see Table VI ). Table VII ). Our results also show that the DK mode is one of the main decay channels, which can explain why D * s1 (2860) was first found in its DK channel [30, 31] . Additionally, we obtain the ratio
which is close to 1.92 given by Ref. [34] and 1.42 by Ref. [35] . 
with φ as the mixing angle. The states marked by subscripts L and H are identified as the low-mass and high-mass mixed states, respectively. For discussing the 2S -1D mixing effect, we take several typical φ values, i. We notice that the ratios of partial decay widths are good physical quantities to constrain the mixing angle φ. At present, BABAR [21, 28] measured ratios
and
If fitting these two ratios, the mixing angles φ = 4 • − 17
• and φ = −4
• to −16
• are obtained for D * 1 (2600) and D * s1 (2700), respectively, which show that our results by the EHQ' formula favor small mixing angle.
Besides the D ( * ) π and D ( * ) K modes, the D (s) η and D s K channels are also important to reflect the features of these discussed open-charm mesons. Furthermore, we get the following ratios:
We need to specify that these four ratios are weakly dependent on the mixing angle, and independent on the parameter γ. 
which are different from the results in Eqs. (5) and (6), respectively. These results can be also applied to test the 2S -1D mixing effect. D 3 ) , respectively. Table I for more details). We list the experimental and theoretical widths in Fig. 3 Table VIII , where the calculated total decay width is about 43.2 MeV, which is in good agreement with the experimental data [27-31] (see Table I ) and comparable with other theoretical results obtained by different phenomenological models [32] [33] [34] [35] [36] [37] , where the width of the D s (1 3 D 3 ) state was predicted in the range of 14 − 85 MeV. However, we also notice that most predicted values for ratio Fig. 4 ). This discrepancy between theoretical and experimental results should be clarified by further experimental and theoretical efforts. In the next section, we will give some discussions for this point.
III. DISCUSSION AND CONCLUSION
In this paper, we carried out a combined study of 2S and 1D open-charm mesons with natural spin-parity, which was mainly inspired by the recent new experimental progresses on open-charm mesons reported by LHCb [23, 24, 30, 31]. Our study is helpful to identify the properties of these observed 2S and 1D open-charm mesons with natural spin-parity. Besides comparing our results with the present data, we also gave some typical ratios of partial decay widths and partial decay widths, which are crucial information to establish 2S and 1D open-charm mesons with natural spin-parity. In addition, the 2S -1D mixing effect existing in these 2S and 1D open-charm mesons with natural spin-parity was discussed, which is an interested research topic for the experiments in the future.
Before closing this paper, we still want to give more discussions relevant to these 2S and 1D open-charm mesons with natural spin-parity. Checking these collected experimental data in Table I , we notice that the measurements of the resonant parameter for the same state by different experiments are different from each other. Thus, the present crucial task for experiment is to precisely measure the resonant parameters of these 2S and 1D open-charm mesons with natural spin-parity. With more experimental data collected by LHCb and forthcoming Belle II, we believe that experiments will make more progress on this point. Fig. 5 (2) has the same topological structure as that of Fig. 5 (1) .
As shown in Tables IV and VI, It is not the end of the story of the study of 2S and 1D opencharm mesons with natural spin-parity, since there still exist some puzzles just discussed above, which are waiting for the solutions given by the joint effort from experimentalists and theorists. 
